Abstract-A superstrate layer is used to enhance the directivity of the small radiation sources such as Microstrip Patch Antennas. In this paper, we use square loop frequency selective surface (SL-FSS) configuration to design the superstrate layer. To compact the structure, we propose a new single layer square loop FSS configuration that operates in two frequency bands such as multi-layer SL-FSS. Simulation results are shown to have good agreement with experimental results. 
INTRODUCTION
Electromagnetic Bandgap (EBG) structures are periodic structures that are composed of dielectric, metal or metallo-dielectric materials. These structures prevent wave propagation in special directions and frequencies. Therefore, they can be used as spatial and frequency filters [2] . One of the applications of 2-D EBG is using them as superstrate layers to enhance the directivity of small radiation sources such as Microstrip Patch Antennas. Due to the 2-D periodicity of FSS structures they can be used as 2-D EBG superstrates in high directive EBG resonator antennas. Various types of FSS elements are used in this configuration such as strip, patch and cross strip [10] . In this paper, we use a special composition of square loop FSS structures in which we can design dual band and compact high directive antenna. The advantages of using square loop elements for designing FSS compositions are their symmetrical geometry making them suitable to obtain horizontal and vertical polarization, producing several resonance frequencies by combination of different loop sizes in each cell, and their small size compared with other kinds of FSS elements such as patch elements [11] . All simulations have been done using Ansoft Designer software based on the Method of Moment (MOM).
DESIGN OF THE FSS SUPERSTRATE LAYER
The original configuration treated here, includes a printed patch antenna and superstrate layers above it (Figure 1(a) ). The superstrate layer can enhance both directivity and bandwidth of the patch antenna [1] . The superstrate layer and the ground plane, shown in Figure 1 (a), when exited with a plane wave make a resonator in Z direction. Therefore, the resonance frequencies of the structure that are called defect frequencies are related to superstrate layers and their distances to ground plane. Due to the defect frequencies, the directivity of primary radiation source embedded in the structure enhanced considerably. Therefore, suitable design of FSS structure, as superstrate layer is the most important part of high directive antenna design.
The Geometry of the Superstrate Structure
The usual method to investigate the characteristics of the structure is examining both superstrate layer and its image on the ground plane using image theory [3] . This is done by eliminating the ground . This configuration is a 2-D EBG structure that is infinitely periodic in X, Y directions and finite in z direction. Therefore, its properties are characterized using periodic boundary condition for each unit cell. In this case, the shape and separation of the FSS elements affects the transmission and reflection coefficients of the whole structure and controls the defect frequencies. Figure 2 shows one cell of FSS layer consisting of infinite numbers of loops with P = 5.06 mm, where P is the periodicity of the unit cell. The Loops have inner and outer length of a i and a o . Depending on the number of operating frequencies, the superstrate above the patch antenna can have one layer (Figure 2(a) ) or more (Figure 2(b) ).
Method of Analysis
To obtain the transmission and reflection coefficients of the structure in Figure 2 , it is illuminated from the bottom in the z direction by a linear polarization plane wave. We see that FSS element characteristics (dimensions of square loop and periodicity) and the distance between the FSS layers control the resonance frequencies. To study the characteristics of the superstrate layer, five categories of unit cells with different FSS configurations are studied which are: 1-One-layer superstrate with one-sided square loop elements, 2-Two-layer FSS with one-sided square loop elements, 3-Four-layer FSS with onesided square loop elements, 4-Two-layer FSS with double one-sided square loop elements, and 5-Two-layer FSS with two-sided square loop elements. The first configuration determines the reflection and transmission coefficients of each superstrate layer, providing a base for the study of other combinations. The second and third ones are used for single-and dual-band superstrate designs, respectively. The fourth and fifth ones describe compact superstrates that operate in two or more frequency bands.
One-layer FSS with One-Sided Square Loop Elements
The One-layer FSS consists of square loop elements backed by the related dielectric as shown in Figure 3 (a). At resonant frequency (f 0 ≈ 14 GHz), we have total reflection and at other frequencies it has partially reflection and transmission coefficients. The bandwidth (BW) of the structure is defined as frequency region in which we have total reflection or near total reflection. In the following, we examine the effects of the periodicity on the magnitude of the reflection and transmission coefficients and its effect on the bandwidth of the structure. If the spacing between FSS elements increases uniformly, the quality factor (1/BW) increases as shown in Figure 3 (b).
The transmission characteristic of the unit cell as a function of P is shown in Figure 4 , for a i = 4.2 mm, a o = 4.6 mm. We observe that the resonance frequency increases from 9 GHz to 16. To decrease the total area of the structure we should choose the proper periodicity of the elements in the x-y plane. As shown in Figure 4 , if the FSS elements lie close to each other (P ≈ a o ), the structure would be the smallest one. An important factor that must be noticed is that though closely spacing of FSS elements results in area and frequency reduction, it results in a bad Q-factor. Therefore, we have to be careful in choosing the array element size. With respect to the total size of the FSS in the XY plane and quality factor of the loop resonance, we choose the periodicity of the FSS elements equal to 1.1a o = 5.06 mm. 
Two-layer FSS with One-sided Square Loop Elements
Since a single-layer FSS yields one resonance frequency f 0 with narrow bandgap (Figure 3(b) ), we stack another FSS layer above it. By adjusting the distance between the layers (defect length d) to about λ o /4, it is possible to achieve a wider bandgap. Also changing this parameter leads to producing resonance frequencies in the bandgap region, which are called defect frequencies. These characteristics are shown in Figure 5 by increasing d. Therefore, the defect length (d) easily controls the defect frequencies.
Note that, since varying d would move both defect frequencies, we should adjust the f 0 by the geometry of the FSS elements, too. The effect of varying f 0 on f 1 , f 2 is shown in Figure 5 
The variations of the defect modes versus f 0 for different modes are shown in Figure 6 . One of the most important advantages of using the FSS layer in designing the superstrate layer is its ability to obtain suitable reflection coefficient at the operating frequency. This ability helps us to obtain the desired quality factor at the resonance frequency. The single-layer FSS superstrate, which is modeled with two-layer FSS in an EBG unit cell, enhances the directivity of an embedded radiation source only at even modes. This is due to the zero tangential electric fields on the symmetrical plane (Ground Plane) [1] [2] [3] [4] . Figure 7 shows the electric field distributions for different defect modes (mode 1-4). As shown, only in modes 2 and 4 there are zero tangential electric fields. Also, because of the low quality factor of mode 4, it cannot be used to directive the primary radiation source.
Four-layer FSS with One-sided Square Loop Elements
A two-layer superstrate (four FSS layers in a unit cell) is used to achieve directivity enhancement in a two-frequency band. This structure (Figure 8(a) ) resonates at three different frequencies f 1 , f 2 , and f 3 in which, insertion of the upper FSS layer creates two adjustable high Q defect frequencies in a band gap. As mentioned in the previous section, only even defect modes (f 1 , f 2 ) can be used to achieve high directivity.
In this Figure, The four-layer FSS creates a band gap of 81.48% as compared with that of the one-layer and two-layer FSS, i.e., 3.25% and 15.85%, respectively ( Table 1 The type of geometrical construction of superstrate
SS with Double Two-sided Square Loop

One-layer FSS with Double One-sided Square Loop Elements
Another way to make two defect frequencies in a wide band gap is to use a double one-sided square loop above a patch antenna [2] . The high Q defect modes of two layer FSS with this element are excited near the resonance frequencies of single layer FSS, in which full reflection occurs.
In other words, we should design one layer FSS by double one-sided elements with almost perfect reflections in two separate frequencies Figure 9 ). Similar to previous sections, the transmission coefficient of two layers of this type of SL-FSS, with different defect lengths, d, are shown in Figure 10 .
By adjusting the FSS layer distance the even frequencies move to the desired frequencies. To identify the even modes we show the field distribution of some important modes in Figure 11 where the feasible even modes are created at 10.5 GHz and 13.9 GHz, being obtained by defect length d = 43 mm. The most disadvantage of this configuration is its large defect length compared to previous configurations. 
Two-layer FSS with Two-sided Square Loop Elements
By printing the second loop on the other side of the layer, we have more ability to control the resonance frequencies of FSS layer. Figure 12 shows the reflection coefficient of FSS layer in this case for different values of inner and outer radii.
The two-layer FSS configuration made with two-sided square loop elements and their transmission coefficients versus frequency for different defect length are shown in Figure 13 . The desired operating frequencies (defect modes) are located around the resonance frequencies of loops.
Because of its small defect length, this configuration is extremely suitable for the design of multi-band lowprofile high directive EBG antenna. The bandgap of all configurations described in previous sections are represented in Table 1 . It is seen that using more FSS layers create wider band gap. Also, FSS with double one-sided and twosided elements have wide band gaps and can be used in designing low profile high directive antennas.
ANALYSIS OF THE WHOLE STRUCTURE
To confirm the results of the unit cell simulations, the radiation characteristics of patch antenna as primary radiation source in the presence of superstrate layer comprising of 11×11 arrays is examined.
The single layer FSS superstrate configurations that offer appropriate gain and bandwidth have been examined in previous literatures [1, 2] . Also conventional method to achieve two operating frequency is using two superstrate layer. Disadvantage of this structure is that the effective height of this antenna increased twice regarding that of the antenna with one superstrate layer. To solve this problem we propose FSS with one (double) sided two square loop. But as mentioned in previous section one layer superstrate with one-sided two square loops have innate difficulties in manufacturing. Therefore, we propose the superstrate layer made by FSS layer with two-sided square loop. As was shown in previous section (Figures 13(a) and (b)) in this configuration without any limitation we can easily control the defect frequencies. The antenna structure comprising superstrate layer and microstrip patch antenna as primary radiation source is depicted in Figure 14 .
To obtain the maximum available power it is necessary to adjust the probe location of microstrip patch antenna for each frequency bands. Where is shown in Figure 15 . As can be seen the optimum value of d p (Probe Location) for first band is d p = 2 mm and for upper band is about d p = 1.8 mm.
Since the directivity of both bands are invariant with the variation of probe location, in final design we choose defect = 13.2 mm distance ( Figure 13 ) between superstrate layer and ground plane. The final simulation results for lower and upper frequency bands are depicted in Figure 16 . Although the bandwidth of the first band at 11.5 GHz equals that of a simple probe fed patch antenna (≈ 3%), and the second band at 14 GHz shows a wider bandwidth (≈ 10%), the realized gains at both operating frequencies is about 15 dBi.
Also, experimental measurements of RL and Gain of antenna (Figure 17 ) for lower and upper frequency bands show good agreement with simulation results. Our mean of gain in all simulations is realized gain defined in Ansoft Designer software. Figure 18 shows the radiation patterns at 10.5 GHz and 13.5 GHz for both the E-and H-planes.
CONCLUSION
In this paper we first described the designing procedures of EBG antennas composed of a probe fed microstop antenna and superstrate layer(s). Five different compositions of superstrate layers in a unit cell with periodic boundary conditions were simulated by means of the Ansoft Designer (Based on Method of Moment). After that, the most efficient structure, two-sided square loop FSS was selected as superstrate layer. The experimental and simulation results of the antenna reveal good agreements in return loss, realized gain, and radiation pattern. The results of this paper show that one can design an EBG antenna with square loop elements at any frequency.
